The maneuvering control of an aquatic vehicle using an oscillating foil as the propulsion system is considered. The control task is decomposed into the off-line step of motion planning and the online step of feedback tracking. Optimal control techniques are used for obtain a repertoire of time scalable and concatenable primitive motions. The computed optimal motion plans are regulated by a controller that consists of a cascade of linear quadratic regulator, input-output feedback linearization and sliding mode control. Complete maneuvers are obtained by concatenating and executing time scaled copies of primitive motions. Motion planning and control scheme have been experimentally tested for longitudinal maneuvers.
Introduction
Inspired by how aquatic animals swim, oscillating foil is an exciting alternative to conventional screw propeller as the propulsor for aquatic vehicles [lo, 21. The advantages of oscillating foil are that they are highly efficient and stealthy. Several research groups are pursuing research in this area for surface and underwater vehicles [8, 3, 4, 51. As the foil oscillates, it generates a configuration of vortices behind the foil, known as a reversed Kbrmbn street. This configuration creates a high speed jet in the rear-ward direction, thus generating a propulsive thrust. An oscillating foil's ability to generate forces in both the lateral and the longitudinal directions can potentially make vehicles highly maneuverable, capable of maneuvers like narrow turns, side-way steering, etc..
Controlling the swimming motion of an aquatic vehicles propelled by an oscillating foil is challenging because of the complex hydrodynamic interaction and the potentially infinite dimensional nonlinear dynamics. Even if approximations such as irrotational flow, and point vortices assumptions are made, the system is underactuated and nonminimum phase.
In this paper, we consider the problem of maneuvering an aquatic vehicle using an oscillating foil. In our approach, we simplify the control task by decomposing the control task into two stages: motion planning and tracking control. The motion planning problem is solved off-line via optimal control method. The task of tracking the planned motion will be subsequently achieved using a cascade control that consists of a linear quadratic optimal regulator, a nonlinear input-output feedback linearizing controller, and a sliding mode robust controller.
While it is theoretically possible to use optimal control to determine the motion plan for every single maneuver, this is impractical because solving optimal control problem is computationally expensive and cannot be done online. To reduce the complexity of the problem, maneuvers will be constructed by concatenating the time scaled copies of a finite set of basic maneuvers, called motion primitives. By allowing the motion primitives to be time scaled, time shifted, and concatenated, it will be possible to accomplish maneuvers at different speeds and at different ranges. Thus, the need to calculate the motion primitives for each basic maneuver at every speed is avoided.
The rest of the paper is organized as follows. Section 2 presents the dynamic model of the aquatic vehicle used in the paper. In section 3, the optimal control problem for determining the longitudinal motion primitives, and the time-scaling and concatenation techniques used to generate complete longitudinal maneuvers are given. Section 4 presents the finite-time linear quadratic regulator and input-output feedback linearization which are used to ensure that the system state tracks the desired planned motion. Section 5 presents experimental results, concatenation and time-scaling for forward motion with fixed side-movement. Section 6 contains some concluding remarks. sor which is a submerged symmetric Joukowski foil [7] . The platform can slide along a pair of rails on a set of linear bearings but for the purpose of this paper, it is locked in place. The rails are connected to a rotating hub at the center of a 1.75m diameter water tank. The rotation of the platform simulates the longitudinal motion ( a ) of the vehicle, and the sliding radial motion on the rails simulates the lateral motion (R). The heaving and pitching motions of the Joukowski foil are achieved using two independent motors.
We assume that the fluid flow is two-dimensional, inviscid, incompressible and irrotational, and the fluid is, at rest at infinity. Under these assumptions, we can then utilize potential flow theory [7] to calculate the flow field and the hydrodynamic forces and torque that act on the foil. In addition, we also assume that vortices are not generated. Effect of generated vortices are treated as disturbances. This simplifies the motion planning and control problem significantly. We have also started research in the estimation of the vortices [5] as a first step towards designing control schemes that purposefully incorporate the effects of vortices. Fig. 1 , the system has three degrees of freedom: rotation about the hub a (longitudinal motion), heaving 4 and pitching 6 motions of the foil. The fourth degree of freedom, which is the radial translation R, is fixed for the purpose of our paper. In our case we select the generalized coordinates to be q = [a, 4, elT.
Expressions for the hydrodynamic forces and moments which can be obtained using the potential flow assumption and the Blasius formula [7] or from [9] . Combining these with the dynamics of the vehicle itself, the com- From (l) , it is clear that the system is under-actuated.
The dynamics of the AV has some interesting properties that will be useful in the construction of time scaled maneuvers.
Proposition 1 (Energy conservation) Define the kinetic energy function to be then, Proof: Using potential field theory, it is easy to see that the flow field is linear in q. Thus, utilizing the kinetic energy of the fluid and the structure as the Lagrangian, one can obtain the dynamic equations in (1).
As a time invariant Euler-Lagrange system, energy conservation and passivity properties are true. A.
Notice that Proposition 1 is valid under our assumption of ideal potential flow, which does not model any dissipative effects. This result does not strictly hold in the presence of drag, vortex shedding and surface wave effects etc. We consider these as disturbances. X2rh(Xt) and X2Th(Xt) and initial conditions q ( 0 ) and Xq(0) result in the time scaled motion q(Xt).
Proposition 2 (Time scaling property) Suppose that the input torque trajectories T h ( t ) and T p ( t ) , t E R and initial condition q(0) and q(0) result in the motion q ( t ) . Then the input torques
Proof: From Eq.(l) and the fact that C m ( q , q ) is linear in 4, we see that the proposed time-scaled motion.
and torque trajectories satisfy the systems dynamics (1)-
M o t i o n Planing
Given the system's model (1) one is tempted to design a input-output linearizing controller with y = a to obtain longitudinal movements, Unfortunately, this system has been numerically shown to be non-minimum phase.
To overcome this difficulty, the maneuver control problem is decomposed into 1) the off-line motion planning for the maneuver, and 2) the online tracking control of the system to follow the planned motion. Motion planning ensures that internal states are well behaved. The issue with motion planning is that because the system is under-actuated, not every motion trajectory q(t) E R3 is feasible. To resolve this difficulty, the optimal control approach adopted.
The optimal control approach to motion planning consists in 1) specifying a set of constraints, the satisfaction of which would constitute the satisfaction of basic requirement of the maneuver; 2) specifying a performance index for each feasible motion. A feasible motion is one which satisfies (1); 3) computing the motion that maximizes the performance index while satisfying all the constraints. The optimal motion must by definition satisfy the specified constraints and is a feasible motion.
Instead of computing the optimal torque trajectories for rp(t) and T h ( t ) directly, we formulate the problem so that the optimal heaving and pitching profiles for 4(t) and O ( t ) are computed instead. Once these are found, the optimal profiles for ~~ ( t ) and T h ( t ) can be computed from (1). This is advantageous because the computation of the cost function requires the integration of a third order differential equation instead of a sixth order one.
The optimal control problem is converted into a parameter optimization problem by finitely parameterizing d(t) and O(t) using a Fourier series with coefficients that are polynomial in time.
where A+, ( t ) , B4; ( t ) , As; (t) and Bo; (t) are polynomials in time, e.g. A+; (t) = ali + upit +. . . +unitn and aji are coefficients to be determined. Other parameterizations are also possible. Finally, the "fmin" function in Matlab's Optimization Toolbox is used to compute the optimal coefficients.
Longitudinal Motion Primitives
It is impractical to compute the optimal plan for every maneuvers. Instead, the optimal solution for a finite set of basic motion primitives are computed. Arbitrary maneuvers are then constructed by concatenating the time scaled copies of the motion primitives. The optimal control approach outlined above is applied to compute these motion primitives. We focus on three longitudinal motion primitives: cruise, accelerate-from-rest,and deceleration-to-rest.
Cruise
Cruise is the most common basic longitudinal maneuver, intended for sustained travel. The objective for cruise is to travel as far as possible by exerting as little effort as possible. Thus, the performance index to be maximized is:
lotf where t f is the finite-time specified by designer, a ( t f ) is circumferential displacement at t f , and wp and 'wh are positive weights.
The cruise motion primitive should be able to concatenate with itself. Thus, we also impose that CY(tf) =
&to) = e(tf). We also impose the constraint that &(to), $ ( t o ) = d(tf), $ ( t o ) = &f), e(to> = O(tf) and
where E > 0 is the intended energy in the system which is specified by the designer.
Accelerate-from-rest
The accelerate-f rom-rest motion primitive is intended for accelerating the vehicle from rest to a desired cruising speed. Thus, it should be designed so that it can be appended by the cruise primitive. Hence, the boundary conditions are: CY(tf) = &Tuise(tO), 4(tf) = etc. denote the initial condition for the optimal cruise motion primitive. The performance index to be maximized is the same as in the cruise case (3).
Decelerate-to-rest
The decelerate-to-rest motion primitive is intended to bring the vehicle from a cruising speed to a stop in a short distance. The boundary conditions are 4(to) = performance index to be maximized is: The negative sign in the first term reflects the fact that we would like the vehicle to decelerate without translating too much. We also imposed an inequality constraint on b(t) > 0 so that the system will not move backward.
Time-scaling and Concatenation
The motion primitives given in section 3.1 were computed at one energy level only (cruise was computed based on energy E = 0.1, and the primitives accelerate-from-rest and decelerate-to-rest are computed so that they can be concatenated with cruise.) To utilize these motion primitives to generate maneuvers at different velocities, time scaling is used. This relies on the time scaling property in Proposition 2, which is a special feature of a class of mechanical systems of the form (l) , but not true of an arbitrary dynamical system.
The time scaling rule to generate a motion plan with To this end, a combination of of finite-time LQR, inputoutput linearization and sliding mode control approach is adopted (Fig. 2) . Finite-time linear quadratic optimal regulator will be used to generate feedback signal for heaving and pitching acceleration which act as inputs to the system that generates the motions. A feedback linearizing controller will be used to generate the actual motor torques to achieve those acceleration inputs. Effects of vortices, which are not modeled, are considered as disturbances. 
(7)
Consider the Jacobian linearized system about the desired trajectory and input X d e s ( t ) , U d e s ( t ) obtained from the primitive motion:
(Q'RQ + jiTQ2)dt + 5iT(T + to)S?(T +to) (9) where Q(t) E and R(t) E !J?2x2 have continuous entries, are symmetric, and are nonnegative and positive definite respectively. S E !R6x6 is nonnegative definite. T is the duration of the maneuver. Optimal control U*(.) that minimize (9) subject to (8) is
Q' (t) = -R-' ( t ) G' (t)P ( t ) 2 (t)
- (10) where P(t) satisfies P(T) = S and the matrix Riccati 
-P(t) = P(t)F(t) + F'(t)P(t) -P(t)G(t)R-' (t)G'(t)P(t) + Q(t) (11)
Notice that matrices, P(t), G(t), Q(t) and R(t) can be computed off-line and stored for each primitive motions. From (IO) we can write:
~( t ) = U d e s ( t ) -R-l(t)G'(t)P(t)f(t) (12)
which is the-necessary heaving and pitching accelerations 4 and 8.
/ 0 linearizing control
Now consider an input-output linearization procedure to achieve the desired acceleration. Eliminating 6 from (l), it is easy to show that in order to achieve accelerations given by u(t), we should have T = T I given by: u(t) given by (12), and Mm,> and Cm, correspond to the entry and row (for the indices) of M,(q) and Cm(qj4 etc.
Sliding mode control
Since we do not model central and free vortices and our basic control law uses a Jacobian linearization, we treat these unmodelled effects as disturbances to the system. To compensate for the disturbances, we adopt sliding mode control strategy. Rewrite (1) with disturbances to the input force and torques and sliding mode signal, E as follow, where d l ( t ) E R and dz(t) E R2 are the disturbances] T = 71 + 6, with 71 given by Eq.(13) and E being the robust control term to be determined.
To calculate e, consider Lyapunov function V = 2'P(t)f for the linearized system under LQ control. Assuming that A'P(t)k = 0 whenever M,''G'P(t)k = 0, and that the bounds on dl(t) and d2(t) are known, E can designed such that V 5 -X T Q ( t ) X . Even if the rank condition is not satisfied, E can be used to partially compensate for the effects of disturbances.
T i m e Scaling of the L Q Controller
As we mentioned before, the primitive motions can be time-scaled. Since the computation of the LQ controller is time consuming, the LQ controller should be time-scalable also to be useful.
Suppose that a primitive motion q(t) is to be time scaled to be q ( t ) t q(At). Also suppose that the linearized system about the time scaled trajectory is The following theorem shows that the given system (6) with specific linearized time-scaled properties has LQ time-scaled controller.
Theorem 1 Suppose that the optimal controller for
the system, x = F ( t ) x ( t ) + G(t)u(t) with performance index (9) are given by (10)-(11). Then the controller given by diag(1, A, 1, A, 1, A).
fiscare(t) = -R -' ( t ) G ' ( t ) P ( t ) 2 s~a r e ( t )
where
is the optimal controller for the time scaled system (16)-(18) with respect to the performance index: V(%(to), U(.), to) = where Q ( t ) = y .
Proof: Using the definitions for P(t), G ( t ) , R(t), and Q ( t ) , one needs only show that P(t) satisfies the Riccati equation for the timed scaled system:
( t ) G ( t ) R -' ( t ) G ' ( t ) P ( t ) + Q ( t )
This can be shown by direct substitution. A From the above theorem, the LQ control for the timescaled system is simply: Finite-time weighting matrices, Q ( t ) , R ( t ) and S in (9) are constant, diagonal matrices, chosen to emphasize the importance of reaching the desired final position. The desired maneuver consists of a concatenation Time scaling with X = 1.1 is demonstrated in Fig. 4 .
We can see that the vehicle attains the same displacement in approximately 90% of the time taken in Fig. 3 without time scaling. Notice also that tracking performance are similar. In Fig. 5 , results are obtained using the sliding mode controller in addition to the LQ and 1/0 linearization. When compared to the result in Fig. 3 , the 2-norm of the position error has been decreased by approximately 25%. The controller scheme is quite robust to initial conditions and also t o gravitational disturbances due to the platform not being on an exactly horizontal plane.
Conclusions
In this paper, control strategy and experimental results for maneuvering an aquatic vehicle using an oscillating 130 foil as a propulsor are presented. The strategy consists of the off-line motion planning and online feedback control. Motion planning is achieved by using optimal control approach while control strategy is accomplished by a cascade of finite-time, time-scalable LQ control, input-output linearization, in combination with a sliding mode controller. To avoid computational expense in the motion planning and control design for each maneuver, complete maneuvers are defined by concatenating time scaled copies of the motion primitives. The proposed approach-is verified experimentally. Our current research is directed toward extending the proposed approach to lateral motion, and toward the understanding how to purposefully incorporate contributions of vortex shedding into both motion planning and control.
